with an impairment in poly (A) ϩ RNA export. We propose that the Nup84p complex that contains Sec13p and a Sec13p homolog is required for normal nuclear pore biogenesis.
Results

A Novel Yeast Nuclear Pore Protein, Nup84p, Shows Homology to Rat Nup107p
A novel NUP gene (for nuclear pore protein) termed NUP84 was isolated through its genetic interaction with NSP1 (see Experimental Procedures). NUP84 encodes a 84 kDa nucleoporin, which lacks typical repeat sequences of the FXFG or GLFG type, but exhibits homology over nearly its entire sequence to Nup107p ( Figure  1A ), a mammalian NPC protein (Radu et al., 1994) . Otherwise, the Nup84p sequence is unique and not related to any sequences in the databanks. To investigate its intracellular location and interaction with other proteins, we tagged Nup84p at its carboxy-terminal domain with protein A (ProtA) sequences and expressed it in a thermosensitive disruption mutant, nup84⌬. Nup84p-ProtA, which was functional, since it could complement the growth defect of this strain (data not shown), revealed a punctate staining of the nuclear envelope in indirect immunofluorescence ( Figure 1B ), which is typical of an NPC labeling in yeast. When Nup84p-ProtA was expressed in nup133 Ϫ cells, in which NPCs cluster at one cap of the nuclear envelope (Doye et al., 1994) , it colocalized within these NPC clusters ( Figure 1B ). Based on these data together and its homology to rat Nup107p, Nup84p is a novel nuclear pore protein in yeast that is functionally linked to other nucleoporins.
Since NUP84 is not essential for cell growth but exhibits a strongly reduced growth at 37ЊC (see Figure 5B ), we could test whether nucleocytoplasmic transport is impaired in the nup84⌬ mutant. No cytoplasmic mislocation of nuclear localization signal-containing reporter proteins could be observed in the nup84⌬ strain at the nonpermissive temperature (data not shown). In contrast, nup84⌬ cells shifted to 37ЊC for 18 hr show intranuclear accumulation of poly(A) ϩ RNA in about 30% of the cells, suggesting that Nup84p is required for efficient poly(A) ϩ RNA export ( Figure 1C ). Furthermore, nup84⌬ Ϫ disruption mutants, respectively, as revealed by immunofluorescence microscopy.
(C) Polyadenylated RNA accumulates in nuclei of the nup84⌬ disrupted strain. Strains nup84⌬ and NUP84 ϩ were grown for 18 hr at 37Њ before poly(A) ϩ RNA was localized by in situ hybridization. (D) Extensive NPC clustering is observed in the nup84⌬ strain. Control NUP84 ϩ and nup84⌬ disrupted strains were analyzed for the distribution of the Nsp1p antigen, which served as a NPC marker by indirect immunofluorescence using anti-Nsp1p antibodies. A punctate nuclear envelope staining is seen in control cells that clustered in the nup84⌬ cells. Only the corresponding eluate fractions from the IgG-Sepharose columns were analyzed by SDS-PAGE and Coomassie staining. The position of the proteins of the Nup85p complex, as well as of Sec13p-Myc, is indicated. Note that on a Western blot using a monoclonal anti-Myc antibody, only the Sec13p-Myc band, but not authentic Sec13p, was stained (data not shown). (C) Sequence comparison among human (accession number L09260) and yeast Sec13p (accession number Q04491) and a novel yeast Sec13p homolog, Seh1p. Amino acid sequence comparison was done using the GCG program Pileup/Prettyplot with a gap weight of 3.0 and a length weight of 0.1. Amino acids are numbered on the right. Identical residues are shown on a black background.
with immunoglobulin G (IgG) coupled to horseradish cells reveal an NPC clustering phenotype ( Figure 1D ; peroxidase (HRP) (Figure 2A , bottom). Band III is another see also electron microscopy below) similar to that seen nuclear pore protein called Nup85p, which was also in nup133 Ϫ cells. found in the synthetic lethal screen with the thermosensitive nsp1 allele . Surprisingly, Biochemical Purification of Nup84p-ProtA band VI was unambiguously identified as Sec13p (see
Reveals Complex Formation with Five
Experimental Procedures), a yeast protein implicated in Other Proteins vesicular transport between the ER and Golgi apparatus To analyze whether Nup84p is physically associated Pryer et al., 1993 ; Barlowe et al., with Nsp1p or organized in a different subcomplex at 1994). Band V is a novel protein called Seh1p (for Sec13p the NPC, we affinity purified Nup84p-ProtA under nonhomolog 1), which shows significant homology to denaturing conditions. This revealed that Nup84p-ProtA Sec13p (27% identity and 48% similarity; see also Figure is associated with several proteins (Figure 2A , lane 5, 2C). Peptide sequence data were obtained from band Coomassie staining), but none of them corresponds to IV, but its gene has not yet been cloned. Since more Nsp1p, as revealed by Western blot analysis using antithan 90% of total Nup84p-ProtA was released upon Nsp1p antibodies (data not shown). The copurifying lysis from the spheroplasted cells, and since more than bands were migrating at about 120 kDa (band I), 110 50% of it (on average about 80%) could routinely be kDa (band II, corresponding to Nup84p-ProtA), 85 kDa affinity purified (Figure 2A , bottom), Sec13p is physically (band III), 83 kDa (band IV), 50 kDa (band V), and 32 kDa associated with the bulk of cellular Nup84p-ProtA and (band VI) (Figure 2A) . By peptide sequence analysis, thus appears to be part of the Nup84p complex. band I could be identified as an uncharacterized yeast
To test for a putative isoform of Sec13p in the nucleoopen reading frame (ORF) present in the data library porin complex, we tagged the authentic SEC13 gene encoding a protein of 120 kDa (Rasmussen, 1994) ; we with a triple Myc tag. Sec13p-Myc, which was functional show here that it is a nuclear pore protein, and accordand complemented the sec13::HIS3 disruption mutant, ingly we named it Nup120p (see below). Band II is Nup84p-ProtA, since it cross-reacts on Western blots could be easily distinguished from authentic Sec13p by the increased molecular mass on SDS-polyacrylamide gels. As anticipated, purification of Nup84p-ProtA (data not shown) or Nup85p-ProtA ( Figure 2B ) from a strain expressing only Sec13p-Myc yielded the same pattern of bands on the Coomassie-stained SDSpolyacrylamide gel as compared with a SEC13 ϩ strain, except that the Sec13p band (32 kDa) disappeared and another band, Sec13p-Myc (40 kDa), became visible ( Figure 2B ), which on immunoblots was specifically stained by an anti-Myc antibody (data not shown). This showed that the Sec13p in the purified nucleoporin complexes is encoded by the SEC13 gene.
Comparison of affinity-purified Nup84p-ProtA, Nup85p-ProtA, and Nup120p-ProtA by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining showed that, besides the corresponding ProtA fusion protein, the remaining five polypeptides including Sec13p always copurified in a similar stoichiometric ratio, suggesting that they all form a biochemically stable complex ( Figure 3A , compare lanes 2, 3, and 4). However, when ProtA-tagged nucleoporins that are not physically associated with the Nup84p complex were affinity purified under the same conditions (e.g., as Nsp1p-ProtA or Nup82p-ProtA), the Sec13 protein band was not found in these preparations (data not shown). Thus, Sec13p specifically associates with nucleoporins of the Nup84p-containing complex.
Purification of Protein A-Tagged Sec13p and Seh1p
Sec13p-ProtA, which is fully functional in yeast, since it complements the sec13::HIS3 null mutant (data not shown), was affinity purified from spheroplasted cells using the same lysis conditions employed for the purification of Nup84p-ProtA. This yielded a prominent Intriguingly, another Sec13-related protein is part of the Nup84p complex. Like Sec13p, the Sec13p homolog Seh1p is a WD repeat-containing protein belonging to the superfamily of ␤-transducin-type repeat proteins Seh1p-ProtA was affinity purified, the 150 kDa band typically seen in the Sec13p-ProtA preparation was (Neer et al., 1994) . Seh1p, however, is larger than Sec13p owing to the insertion of a 39 amino acid sequence completely absent, but Nup120p, Nup85p, band IV, Nup84p, and Sec13p were clearly present ( Figure 3A ). between WD repeats 5 and 6 (see Figure 2C ). When Ϫ cells using a monoclonal antibody against the Myc tag. It was also stained for DNA.
The nature of a weaker-staining band at about 130 kDa MgCl2), suggesting that it is tightly associated with Seh1p ( Figure 3B ). Thus, Nup85p might be directly is currently being investigated ( Figure 3A) . Thus, the Seh1p-ProtA eluate very much resembles the other elubound to Seh1p. In a similar way, Sec13p-ProtA was affinity adsorbed on IgG-Sepharose beads, and the ates derived from Nup120p-ProtA, Nup85p-ProtA, and Nup84p-ProtA. bound proteins were eluted at different MgCl 2 concentrations. The subunits of the Nup84p nucleoporin complex came off the column between 0.6 and 1 M salt, Sec13p Occurs in Two Different Complexes whereas the p150 band (Sec31p) was eluted only at 3 To test whether Sec13p may be organized in differ-M MgCl 2 (data not shown). This shows that p150 is more ent complexes, we analyzed a cell lysate containing strongly associated with Sec13p as compared with the Sec13p-ProtA by sucrose gradient centrifugation. Most nucleoporins and supports a model in which Sec13p of the Sec13p-ProtA was found in the two top fractions occurs in two distinct biochemical complexes. of the gradient, together with several bands in the 100 kDa range (breakdown products from the 150 kDa protein), but nucleoporins Nup120p, Nup85p, Nup84p, and Intracellular Location of the Different band IV were absent (data not shown). From fraction 4, Components of the Nup84p Complex as little Sec13p-ProtA was recovered, but this form was
Revealed by Indirect Immunofluorescence stoichiometrically associated with Nup120p, Nup85p, To determine the subcellular location of Seh1p, Sec13p, band IV, Nup84p, and Seh1p, whereas p150 was comNup85p, and Nup120p by indirect immunofluorescence, pletely absent (data not shown). By immunoblotting uswe epitope tagged the proteins (with either protein A or ing anti-nucleoporin antibodies, the presence of, for exMyc). Nup85p-ProtA, Nup120p-Myc, Seh1p-Myc, and ample, Nup84p and Nup85p in fraction 4, but not in Sec13p-Myc were functional, since they could rescue fractions 1 and 2, was confirmed (data not shown). In the lethal phenotypes of the corresponding disruption conclusion, two different pools of Sec13p can be demutants (data not shown). In the case of Nup85p-ProtA, tected in the cell, one bound to a 150 kDa protein (Saa typical punctate NPC labeling in nup85 Ϫ cells and NPC lama Pryer et al., 1993) and another in associclustering in nup133 Ϫ cells could be seen by indirect ation with nuclear pore proteins.
immunofluorescence ( Figure 4A ). Interestingly, Seh1p-Myc gave a similar punctate nuclear envelope staining ( Figure 4B ), and when double immunofluorescence was
Nup85p Is Tightly Associated with Seh1p
To determine how the six proteins of the nucleoporin performed also using antibodies against Nsp1p, both signals largely overlapped ( Figure 4B ). In nup133 Ϫ cells, complex are physically connected to one another, we affinity purified Seh1p-ProtA by IgG-Sepharose Seh1p-Myc, like Nup85p-ProtA, clusters on the nuclear envelope together with bona fide nucleoporins (data chromatography and eluted the bound complex from the column with increasing concentrations of MgCl 2 .
not shown). These data show that Seh1p is physically attached to the NPCs. Nup120p-Myc also revealed a Nup120p, Nup84p, and Sec13p were eluted between 0.6 and 1 M MgCl 2 ; surprisingly, Nup85p came off the nuclear envelope staining (data not shown). Indirect immunofluorescence of the strain complemented by column only at high MgCl 2 concentrations (above 3 M Sec13p-Myc, however, revealed a staining throughout and growth arrest at 37ЊC, whereas Seh1p is not essential for cell growth, but its disruption causes slower the whole cytoplasm, although a few cells also showed a stronger labeling around the nuclear envelope (Figure growth, particularly at lower temperatures. To find out whether the various proteins found in the 4C). It therefore appears that Nup84p, Nup85p, Nup120p, and Seh1p have a preferential localization at Nup84p complex also functionally overlap in the cell, single gene disruptions were combined in haploid progthe nuclear pore, whereas the bulk of Sec13p is more widely distributed throughout the cytoplasm.
eny. The pairwise combination between the various nup disruption alleles (e.g., nup84 Ϫ ϫ nup85⌬) caused synthetic lethality, but cells carrying both the nup84 Ϫ and Functional Interactions among the Various Members of the Nup84p Complex seh1 null gene disruptions were also not viable ( Figure  5C ). These data show that Seh1p is not only physically To analyze the in vivo function of the Nup84p complex, we generated gene disruption mutants (null mutants) but also functionally linked to the Nup84p nucleoporin complex. On the other hand, the thermosensitive sec13-and tested them for viability and phenotypic defects. SEC13 (as shown by Pryer et al., 1993) and NUP85 are 1 allele, which was shown to cause impairment in ER to Golgi transport , was not synthetic essential for cell growth at 30ЊC ( Figure 5A ). Interestingly, if tetrad analysis of the heterozygous nup85 Ϫ dislethal with any of the nucleoporin gene disruptions we tested ( Figure 5C ; see Discussion). Furthermore, comrupted strain was performed at 23ЊC, besides the two fast-growing progeny, two microcolonies formed after ponents of the Nup84p complex are also functionally linked to other nuclear pore proteins ( Figure 5C ). 5-6 days that were nup85 Ϫ haploid progeny (data not shown). These nup85 Ϫ cells continued to grow at 23ЊC, but died if shifted to 30ЊC ( Figure 5A ). When the NUP85 Yeast Cells Lacking Nup84p, Nup85p, or Nup120p Are Impaired in Nuclear gene was only partially deleted (see Experimental Procedures), haploid progeny nup85⌬, which appear to exMembrane and Nuclear Pore Biogenesis When the null disruptions of NUP84, NUP85, and press a truncated form of Nup85p (most likely a 60 kDa carboxy-terminal domain), could grow at 30ЊC, but were NUP120 were analyzed by indirect immunofluorescence using anti-Nsp1p antibodies, clustering of this nucleostill thermosensitive at 37ЊC (Figures 5A and 5B ). Both nup85 disruption mutants were fully complemented by porin antigen was observed (shown for nup84⌬ in Figure  1D ; data not shown for nup85 Ϫ and nup120 Ϫ ); a similar either full-length NUP85 or NUP85 tagged with protein A ( Figure 5A ). Cells disrupted for the NUP120 gene grow NPC clustering phenotype has already been observed in several other nucleoporin mutants, including nup133, very slowly both at 23ЊC and 30ЊC and die at 37ЊC ( Figure  5B) . Surprisingly, seh1 Ϫ cells lacking Seh1p can grow nup145, and nup159 (for review see Doye and Hurt, 1995) . The partial gene disruption of nup85 and the null at 37ЊC, but their growth becomes progressively slower at lower temperatures, e.g., at 23ЊC ( Figure 5B ). In conallele of seh1 did not exhibit this NPC clustering morphology (data not shown). To analyze this abnormal disclusion, deletion of the individual genes encoding the nucleoporins Nup84p, Nup85p, and Nup120p causes a tribution of NPCs at the ultrastructural level, we performed thin-section electron microscopy ( Figure 6 ). In severe growth phenotype at permissive temperatures nup85 Ϫ cells. In addition, reiterated NPCs, which seem to lack a nuclear membrane in between, are easily found in electron micrographs ( Figure 6, 4) ; these NPC structures may have arisen from consecutive fusions of single NPCs without insertion of double nuclear membrane. Frequently, NPC clusters are also organized in a ringlike arrangement (data not shown). It is conceivable that cells exhibiting these abnomal nuclear envelope structures will have problems dividing the nucleus correctly, which could explain the low cell viability even at permissive temperatures. Consistent with this, when nup84⌬ cells were stained for DNA, anucleate and multinucleate cells could be found (data not shown).
In conclusion, the disruption of the NUP84, NUP85, and NUP120 genes in all cases causes aberrant nuclear envelope and NPC structures; although some of the observed phenotypes are very similar, other defects appear to be more specific for a given gene disruption. It thus appears that the individual members of the Nup84p complex perform distinct but overlapping functions for NPC formation and nuclear membrane biogenesis (see Discussion). which the gene is only partially deleted and accordingly can grow at 30ЊC but not at 37ЊC (see Figures 5A and 5B), was also impaired in poly(A) ϩ RNA export at the the nup85 null mutant, one can often see that the nucleus is no longer round in section, but at one or two sites restrictive temperature (data not shown), but uptake of the nuclear reporter protein Mat␣2-lacZ was not inhibthe nuclear envelope bulges out to form tubule-like projections similar to those described for nup1 mutants ited (data not shown). On the other hand, the seh1 Ϫ disruption mutant or thermosensitive sec13-1 cells did (Bogerd et al., 1994) ; at the tips of these tubules, NPClike structures can frequently be seen (Figure 6, 1) . Internot reveal intranuclear poly(A) ϩ RNA accumulation at either 23ЊC or 37ЊC (data not shown). We conclude from estingly, the two outgrowths of the nuclear envelope can expand in such a way that both tips come in close these data that the nuclear pore proteins within the Nup84p complex, but not Seh1p, are required for efficontact or may even fuse (Figure 6 , 2). During this outgrowth, part of the cytoplasm, which can easily be discient mRNA export from the nucleus to the cytoplasm. Since Sec13p plays a role in intracellular membrane cerned because it contains vesicles, is engulfed by the two nuclear envelopes (Figure 6 , 2), thus forming in the transport, we tested whether strains disrupted for nup84, nup85, nup120, and seh1 are blocked in vesicular transfinal stage a separate cytoplasmic compartment entrapped by a crescent-shaped nucleus. At the contact port from ER to Golgi. Whole-cell extracts derived from the various disruption mutant strains were analyzed by zones of the two nuclear envelope tips, altered NPC structures are frequently seen that are of either the immunoblotting to determine whether vacuolar carboxypeptidase Y (CPY) is correctly modified, processed, and "grape" type (as in nup145 Ϫ cells; Wente and Blobel, 1994) or the "blister" type (as in nup116 Ϫ cells [Wente trimmed during its transport from the ER to the vacuole ( Figure 7B ). As previously shown, accumulation of preand Blobel, 1993] and nup188 Ϫ cells [U. Zabel, unpublished data]). When nup85 Ϫ cells were shifted to 37ЊC cursor form P1 is indicative of a transport defect from the ER to Golgi apparatus (Stevens et al., 1982) . When for 2 hr, an increase in NPC clustering was noticed, with extended grape-like structures, blisters, and herniations sec13-1 cells were examined in this way, the P1 form typical for a blockage between the ER and Golgi apof the nuclear envelope (Figure 6, 3) . Other supramolecular assemblies such as spindle pole bodies or microtupeared on the Western blot at the restrictive temperature, but no significant accumulation of P1 or P2 forms bules, however, appeared normal in the mutant cells (Figure 6, 3) . The morphological defects observed in of CPY was seen in the various nucleoporin and Sec13p homolog mutants ( Figure 7B ). We conclude that nup84⌬ cells (Figure 6 , 4) resemble those described for It was intriguing to find that a novel nucleoporin complex that is required for the formation of normal nuclear pores also contains a Sec13p homolog as well as Sec13p. Sec13p was previously shown to be involved in ER to Golgi transport Pryer et al., 1993) . As demonstrated in an in vitro transport assay, Sec13p is required for vesicle budding from the ER at a step before, or concurrent with, the release of ERderived transport vesicles Pryer et al., 1993) . For this function, Sec13p specifically associates with p150 (Sec31p) and, together with other factors such as Sar1p and the Sec23p complex, forms a novel coat (COPII) on the surface of ER-derived transport vesicles (Barlowe et al., 1994) . Our data show that, although Sec13p is mainly associated with p150, another pool of Sec13p exists in the cell that is bound to nuclear pore proteins but lacks COPII-specific factors such as p150. This suggests that Sec13p may fulfill additional roles in conjunction with NPC proteins. These functions appear to be allele specific, since the sec13-1 mutant gene, which inhibits ER to Golgi transport Pryer et al., 1993) , neither affects nuclear envelope/NPC morphology and RNA export (S. S., unpublished data) nor causes synthetic lethality with nucleoporin mutants. A search for novel sec13 mutations that cause synthetic lethality with nup84, nup85, nup120, or seh1 mutant alleles (and thus may inhibit nuclear envelope/NPC biogenesis, but not vesicular transport from ER to Golgi) in NPC biogenesis. In one model, Nup84p, Nup85p, and hr to 37ЊC before they were processed for in situ hybridization using Nup120p, together with Seh1p and Sec13p, could bind a fluorescein isothiocyanate-labeled oligo(dT) probe. Cells were to the cytoplasmic tail of a pore membrane receptor.
Analysis of Nucleocytoplasmic Transport and Biogenesis of CPY in Mutants of the Nup84p Complex
also viewed by Nomarski optics.
Once this complex has assembled, this area is defined (B) Maturation of CPY during transport from the ER to the vacuole was analyzed according to Stevens et al. (1982) and as described as a pore membrane and accordingly could attract and in Experimental Procedures. Whole-cell extracts derived from the recruit further factors to build up the entire NPC and indicated strains grown at 23ЊC or shifted to 37ЊC for 3 hr were surrounding nuclear membrane. Interestingly, local pertested by SDS-PAGE and Western blotting using anti-CPY antibodturbations at distinct sites of the nuclear envelope afies. mCPY, mature CPY; P1 CPY, precursor form of CPY correspondfecting both NPC structure and membrane organization ing to the core-glycosylated ER form.
are often seen in nup85 Ϫ , nup84⌬, and nup120 Ϫ mutant cells. Alternatively, association of Sec13p with (certain) NPC proteins already at the ER may trigger the transport Nup84p, Nup85p, Nup120p, and Seh1p are not involved of specific vesicles from the ER to distinct sites of the in the ER to Golgi transport of CPY. nuclear membrane. It is not clear whether there is a gated insertion of NPCs at preferential sites of the nuDiscussion clear membrane or whether NPCs become randomly inserted into the growing nuclear envelope. It will thereHow NPCs become inserted into the nuclear membrane fore be interesting to find out whether the nuclear enveis still mysterious. It was suggested that the double lope projections containing clustered NPCs in nup85 Ϫ nuclear membrane may fuse at distinct sites, which cells are such zones where local NPC/nuclear memcould be induced by octameric clustering of a nuclear brane biogenesis is impaired. In yeast, the nucleus elonpore membrane protein (e.g., gp210), thereby creating a gates mainly at later stages of the cell cycle (Pringle membrane hole with exposed cytoplasmic tails of gp210 and Hartwell, 1981), but it is not clear whether it enters that could attract further NPC constituents (Wozniak et the large bud by local growth at one side of the nucleus, al., 1989). It remains to be shown whether new NPCs by mechanical expansion (e.g., mediated by microtuwill form only when the surrounding nuclear membrane bules or the cytoskeleton), or by both means. It is possiis also concomitantly synthesized. It appears, however, ble that nuclear envelope elongation coincides with the that an increase in NPC number is coupled to an ongoing burst of de novo NPC formation and nuclear envelope nuclear membrane growth during interphase cell growth growth seen before the onset of mitosis (Jordan et al., (Jordan et al., 1977) . Accordingly, components involved 1977). in membrane biogenesis or vesicular transport may also Is Seh1p in the Nup84p complex performing a redundant or a different function as compared with Sec13p? participate in nuclear envelope and NPC formation. exists between sec13-1 and seh1 Ϫ alleles. In contrast, Sec13p, which is both a peripheral membrane and soluCloning, Sequencing, and Gene Disruption of NUP84, ble protein (Pryer et al., 1993) , has a major intracellular NUP85, NUP120, and SEH1 location throughout the cytoplasm (this paper) and is NUP84 and NUP85 were cloned as genomic inserts that complemainly bound to p150 (Sec31p) and other components mented synthetic lethal mutants sl189 and sl373 for NUP84 and of the secretory pathway Pryer et sl374 for NUP85 derived from the sl screen with a thermosensitive al., 1993). Only a smaller pool of Sec13p is associated nsp1 allele (Wimmer et al., 1992; Grandi et al., 1995b) . The DNA of these two inserts was finally sequenced according to Sanger et al. with nucleoporins. Since Seh1p is not essential for cell (1977) . The NUP120 gene was cloned and sequenced in the course growth, Sec13p is one candidate protein that could perof determining the entire DNA sequence of yeast chromosome XI form an overlapping or redundant function. Interestingly, (Rasmussen, 1994) . Nup120p was described as a hypothetical 120.4
Sec13p and Seh1p belong to the superfamily of WD kd protein in the TOA2-ELM1 intergenic region (GenBank accession repeat-containing proteins (Neer et al., 1994) . A comnumber P35730). After purification of band I from the Nup84p-ProtA mon feature of a number of these proteins is their ability complex, three peptide sequence data were obtained, FTDIFK, SENYH, and NYXXIXXVNR, which were all contained within the deto assemble into macromolecular complexes. It is asduced Nup120p amino acid sequence. The peptide sequence data sumed that one (or a few) WD repeats within a given from band III, TDEEEQLYK, NLYETIIEADK, and VFNVPTIGVV(N?) protein specifically interacts with different partner pro-SNFAK, were all found in the Nup85p amino acid sequence. The teins, thus creating multiple protein-protein interactions peptide sequence data from band V were LYDALEPSDLR and (Neer et al., 1994) . It is therefore conceivable that one thermosensitive rat mutants, which were isolated on the and replaced by the HIS3 gene. For the null disruption of the SEC13 gene, an internal XbaI-NcoI fragment was removed basis of accumulation of poly(A) ϩ RNA inside the nucleus and replaced by the HIS3 marker. These null at the nonpermissive temperature (Amberg et al., 1992), alleles, nup84::HIS3, nup85::HIS3 nup120::HIS3, seh1::HIS3, and also map in NUP85 and NUP120 (C. Cole, personal com- Mata/␣, ade2/ade2, his3/his3, leu2/leu2, trp1/trp1, ade2, his3, leu2, trp1, ura3, nsp1: :
RS453
Mata ,ade2,his3,leu2,trp1,ura3,⌬nup84: : , ade2, his3, leu2, trp1, ura3, nup84::HIS3 nup85⌬ Mata, ade2, his3, leu2, trp1, ura3, ⌬nup85: : , ade2, his3, leu2, trp1, ura3, nup85::HIS3 nup120 Ϫ Mata, ade2, his3, leu2, trp1, ura3, nup120::HIS3 seh1 Ϫ Mata, ade2, his3, leu2, trp1, ura3, ade2, his3, leu2, trp1, ura3, ⌬nup84 ::HIS3 (pUN100-LEU2-NUP84-ProtA) ade2, his3, leu2, trp1, ura3, ⌬nup85 ::HIS3 (pUN100-LEU2-ProtA-NUP85) ade2, his3, leu2, trp1, ura3, nup120 ::HIS3 (pRS315-LEU2-NUP120-ProtA) ade2, his3, leu2, trp1, ura3, nup120 ::HIS3 (pRS315-LEU2-NUP120-Myc) ade2, his3, leu2, trp1, ura3, seh1: : Mata, ade2, his3, leu2, trp1, ura3, seh1: : Mata, ade2, his3, leu2, trp1, ura3, sec13 ::HIS3 (pUN100-LEU2-SEC13-ProtA) ade2, his3, leu2, trp1, ura3, sec13 ::HIS3 (pRS316-URA3-SEC13-Myc)
Construction of ProtA and Myc Fusion Proteins
we synthesized a peptide, CDFLDDGTAQLSNNKTDEEE, corresponding to its amino-terminal end; via its amino-terminal cysteine, and Affinity Purification The ProtA tag used for the constructs described below was derived this peptide was coupled to keyhole limpet hemocyanin (Sigma). The cross-linker used was m-maleimidobenzoyl-N-hydroxysuccinimide from Staphylococcus aureus protein A and consisted of two IgGbinding domains, except for Sec13-ProtA, in which only one IgG-(MBS) (Pierce). The fusion protein and the coupled peptide were injected into rabbits, and immune sera against Nup84p and Nup85p binding domain was used (Grandi et al., 1993) . For the ProtA tagging of Nup84p, a new SacI site was generated by PCR 1 nt upstream could be obtained. of the NUP84 stop codon at which a DNA fragment encoding the ProtA tag was inserted. In a similar way, ProtA-and Myc-tagged Miscellaneous Nup120p, Sec13p, and Seh1p were constructed by generating a To localize Myc fusion proteins within the cells by indirect immunonew BamHI site by PCR-mediated mutagenesis 1 nt upstream of fluorescence, we used affinity-purified monoclonal antibody against the corresponding stop codons and insertion of a BamHI fragment the Myc tag (provided by E. Ikonen, EMBL, Heidelberg, Germany). encoding either the ProtA or Myc tag so that in-frame fusion ocProtA fusion proteins were localized by immunofluorescence essencurred. To express Sec13p-ProtA in the absence of authentic tially as described in Grandi et al. (1993) . Indirect immunofluoresSec13p in yeast, we constructed a haploid strain with disrupted cence in the conventional or confocal fluorescence microscope sec13::HIS3 and complemented it by an ARS/CEN/URA3 plasmid (Wimmer et al., 1992) and analysis of nuclear protein import using containing the SEC13 gene (pURA3-SEC13). This strain was transMat␣2-lacZ reporter proteins (Nehrbass et al., 1993) and poly(A) ϩ formed with a single-copy number LEU2 plasmid carrying the RNA export (Doye et al., 1994) were performed as described before. SEC13-PROTA fusion gene. To avoid overexpression of SEC13-Thin-section electron microscopy was done as outlined in Doye et PROTA, the fusion gene was kept under the control of the authentic al. (1994) . Internal peptide sequences were obtained from bands I, SEC13 promoter.
III, IV, V, and VI, which are subunits of the purified Nup84p-ProtA Affinity purification of ProtA fusion proteins by IgG-Sepharose complex (see Figure 2A ), essentially as described earlier (Grandi et chromatography from whole-cell extracts under nondenaturing conal., 1995a) . To test for secretion defects, we analyzed transport of ditions was done according to Grandi et al. (1993) . Strains express-CPY from the ER to Golgi essentially as described previously (Te ing the fusion proteins were spheroplasted and lysed in 1% Triton Heesen et al., 1992) . X-100, 150 mM KCl, 20 mM Tris-HCl (pH 8.0), 5 mM MgCl2, supplemented by a cocktail of protease inhibitors. For the sucrose density Acknowledgments gradient centrifugation, 4 ml of a whole-cell lysate derived from strain SEC13-ProtA and prepared as described above was loaded Correspondence should be addressed to E. C. H. We thank Dr. on the top of a sucrose gradient ranging from 7%-40% sucrose.
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